The purpose of this study was to develop Cyclosporine A (CsA) nanosuspension by using different stabilizers for oral administration. CsA nanosuspension was prepared by high pressure homogenization technology and HPMC and Soluplus ® combination were selected as stabilizers. After Design of Experiment (DoE) analysis, optimum formulation was selected and characterized by particle size (PS), particle size distribution (PDI) and zeta potential (ZP) measurements. Scanning electron microscopy (SEM), differential scanning calorimetry (DSC), X-ray diffraction (X-RD), and fourier transform infrared (FTIR) analysis were also performed. Solubility studies were done with optimum lyophilised CsA nanosuspension. The results revealed that appropriate PS, PDI, and ZP results were not obtained with the use of stabilizers separately in preformulation studies. Optimum stabilizers ratio was determined CsA:HPMC:Soluplus ® 1:1:0.5 (w/w) in nanosuspension formulation after DoE. It was found to be appropriate with a small particle size of 366.8 ± 9.6 nm, a narrow particle size distribution of 0.48 ± 0.02, and a negative zeta potential value of -14.4 ± 0.4 mV after 30 homogenization cycles. In solubility study, the CsA solubility in the nanosuspension was increased up to 2.1 times in comparison with the coarse CsA. CsA nanosuspension showed a short-term stability over the examined period of one month. CsA nanosuspension can be successfully produced by Microfluidics with HPMC:Soluplus ® combination as stabilizers using DoE approach.
. INTRODUCTION
Cyclosporine A (CsA) was approved by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) , after being found to be effective in immunosuppression in 1980. Cyclosporine A, which is composed of 11 amino acids and is a neutral cyclic polypeptide; is one of the most commonly used immunosuppressants for the prevention of organ rejection after transplantation [1] . CsA binds to cyclophilin and forms cyclosporin-cyclophilin complex and exhibits immunosuppressive activity by inhibiting T-cell activation and calcineurin phosphatase [2] . CsA is considered to be Biopharmaceutical Classification System (BCS) Class II drug because of its low water solubility and low dissolution rate and bioavailability after oral administration.
Nanosuspension (or nanocrystal) technology; is an interesting approach used to increase the solubility, dissolution and thus bioavailability of BCS Class II and IV drugs by reducing (nanonizing) the particle size of nanoparticles to nanoscale dimensions without any carrier [3, 4, 5] . Nanosuspensions have many advantages such as increased rate of absorption, increased oral bioavailability, reduction in fed/fasted variability, improved stability, low cost of production, and ease of scale up [6, 7] . As a result of these advantages of this technology, it has been introduced to commercial products with nanosuspension-based formulations in different drugs which have different indications, such as sirolimus (Rapamune ® ), aprepitant (Emend ® ), fenofibrate (Tricor ® ), fenofibrate (Triglide ® ), and megesterol acetate (Megace ES ® ) [8] . Nanosuspensions can be prepared by two approaches; top down and bottom up production. In the top down production, while the particles of the large drug molecules are reduced to nano sizes by using media milling, microfluidization, and high pressure homogenization while the bottom up production achieves the nanoscale particle size by nanoprecipitation using the molecule dissolved in the organic solvent [9, 10] . There are many publications about microfluidization [11, 12, 13] , high pressure homogenization [14, 15, 16] , media milling [17, 18, 19, 20, 21, 22] and precipitation [23, 24, 25, 26] . Due to numerous advantages of top down production methods, such as using of minimum of organic solvent and solvent residues, higher drug capacity (approximately 100%), stability of formulation, they are considered as the first alternative of nanosuspension formulation and therefore there are many studies on the combined use of these top down technologies in publications [27, 28, 29] . High pressure homogenization can be explained in two different classes for homogenization principle and homogenizer type: a) Piston Gap homogenization method, b) Microfluidization technology. In high pressure homogenisation method with microfluidization technology with Z or Y type chambers, particle size is reduced by cavitation of high pressure applied on 1700 bar. For adequate particle size reduction, 50-100 cycles should be applied [30] . In a study conducted with ritonavir, which is an active substance with low solubility in water, ritonavir (RTV) nanosuspensions were developed successfully by microfluidization method using DoE. The parameters affecting the product quality were determined and the RTV: HPMC: SDS (1: 2: 0.4) ratio was found to be the optimum formulation after 20 homogenization cycles. In the in vitro dissolution rate studies, an increase in the solubility and dissolution rate of RTV was observed [12] . Also, the combination of two preparation methods, which are microprecipitation and high-pressure homogenization technologies, is widely used currently [31, 32, 33, 34, 35] . As a result of this combination technology, NanoEdge ® is obtained [36] .
In the light of this information given above, the possibility of preparing CsA nanosuspension for oral application with different stabilizers seperately and combination of stabilizers were investigated by using microfluidizer (high pressure homogenization method) which is one of the nanosuspension production methods using DoE approach. Characterization studies of the obtained optimum nanosuspension formulation were performed and the saturated solubility of CsA coarse powder and CsA nanosuspension in water was investigated.
RESULTS AND DISCUSSION

Particle size, particle size distribution and zeta potential
Particle size (PS), particle size distribution (PDI) and zeta potential (ZP) values are the most important physical properties of colloidal systems, such as nanosuspensions. It is very significant to reduce the particle size in low solubility drugs, which are classified as BCS Class II and IV. The smaller particle size increases the solubility and bioavailability of active ingredients. When the preparation of nanosuspension with high pressure homogenization technique, the particle size is reduced and the surface area is increased. The acceptable values for PS, PDI, and ZP of nanosuspensions are nanometer size, <0.5, and ~-20 mv, respectively. Increased zeta potential values indicate that the formulation has good physical stability. Therefore, PS, PDI, and ZP results were used to decide on the most appropriate nanosuspension formulation [37] . PS, PDI, and ZP measurement results (at the beginning) of prepared nanosuspension with stabilizers are shown in Table 1 and 2.
In the formulation prepared by using HPMC, one of the most commonly used stabilizers in the preparation of nanosuspension, when the number of cycles was increased from 5 to 30, the particle size decreased, but this reduction was not seen as a nanometer. Also, when the number of cycles was increased, the particle size distribution decreased, which indicated that the particle size distribution became more homogeneous. The zeta potential values for all ratios remained approximately -15 mV. These results indicated that formulation including only HPMC was not a suitable stabilizer for preparing CsA nanosuspension by using high pressure homogenization ( Table 1) .
According to the results given in Table 1 , all the formulations prepared with Soluplus ® were in nanometer size between 115.5 ± 10.2 nm and 328.5 ± 10.8 nm. The mean particle size distribution values of all ratios were over 0.5 (PDI) and it was very high when evaluated in terms of nanosuspension formulations.
The above-mentioned formulation studies with both stabilizers predicted that the combined use of these two stabilizers (HPMC and Soluplus ® ) could provide lower particle size, lower particle size distribution, and higher zeta potential. For this purpose, the use of HPMC with a 1% ratio and a small amount of Soluplus ® was thought to reduce the particle size and provide optimum zeta potential for long term stabilization. CsA:HPMC:Soluplus ® ratios were determined as 1:1:0.5 and 1:1:0.25 and further formulation studies were performed in these ratios (F7 and F8). As shown in Table 2 , nanosuspension with smaller particle size and higher zeta potential were obtained when they were prepared with combination stabilizer and after 30 homogenization cycles. The experimental analyis with Design Expert ® 9.0 showed that interactions between independent variables, homogenization cycles, and Soluplus ® ratios were found to be effective on PS, PDI, and ZP values (p<0.05) ( Figure 1 ). Equations of the models for PS (Eq. 1), PDI (Eq. 2), and ZP (Eq. 3) are given below:
Where A is the Soluplus ® ratio, B is the homogenization cycles number, and AB is the interaction between Soluplus ® ratio and homogenization cycles number.
The selection of higher Soluplus ® ratio and the increase in the number of homogenization cycles significantly reduced the PS and smaller particle size was obtained by increasing the Soluplus ® ratio. Smaller PDI values were obtained in formulations prepared with higher homogenization cycles and all Soluplus ® ratios. When higher number of homogenization cycles was used, the ZP values were not affected by the Soluplus ® ratio. A significant decrease in particle size of formulation was observed after DoE analysis when they were prepared with 1:1:0.5 ratios ( Figure 1 ). 
Short term physical stability
The physical stability, which is caused by Ostwald ripening and the aggregation of particles, is very important for nanosuspension formulations. Acceptable physical short term stability is related to the protection by the stabilizers and homogenization cycles of drugs in nanosuspension formulation. The changes in the particle size and zeta potential of CsA:HPMC:Soluplus ® formulation 1:1:0.5 (F7) and 1:1:0.25 (F8) after storage for one week and one month at room temperature are shown in Figure 2 The size of F7 formulation after 30 homogenization cycles increased from 425.1 nm to 443.5 nm at room temperature while that of F8 increased more significantly from 706.4 nm to 859.7 nm within one month. No changes were detected in the zeta potential of both F7 and F8 formulation in all cycles for all time point, which indicated that these two nanosuspensions were rather stable. From the Figure 3 , it can be seen that these two nanosuspensions still presented a considerable stability despite their zeta potential being below the critical value of -20 mV. Although there was no difference of zeta potential in both formulations in the stability, F7 formulation had better storage stability than F8 formulation because the particle size was smaller in F7 formulation. Considering the results of the DoE, F7 formulation was chosen as optimum formulation and in vitro studies were conducted with this formulation.
Lyophilization of optimum formulations
As a result of the PS, PDI, and ZP measurements, F7 formulation (CsA:HPMC:Soluplus ® :1:1:0.5), which was decided as the optimum formulation, was lyophilized as described in section 4.5.3 and obtained lyophilised nanosuspension was used for further characterization studies.
Redispersibility
The redispersibility index (RDI%) of lyophilised nanosuspension are shown in Table 3 . The results of redispersibility index percentage showed that the lyophilised nanosuspension agglomerates stabilized with HPMC and Soluplus ® combination had almost ideal redispersibility with 127.8%. This value was close to 100%, indicating that there is no agglomeration and particle size growth in the nanosuspension after lyophilization, and that the cryoprotectant is a suitable for formulation. If this value is less than 100%; the cryoprotectant is a solvent for the nanosuspension and causes a reduction in the particle size [20] .
Differential scanning calorimetry
The results of Differential scanning calorimetry (DSC) analyses of CsA coarse powder, HPMC, Soluplus ® , mannitol, physical mixture, and lyophilised nanosuspension are shown in Figure 4 . As revealed in the DSC thermogram, the pure CsA powder exhibited an endothermic peak at 130.74 o C. In the physical mixture containing CsA, HPMC, Soluplus ® , and mannitol, the melting points of these particles did not change as expected. However, the melting point of CsA in the nanosuspension formulations shifted from 130.74°C to 129.75°C. The shift in the nanocrystal was less noticeable. This indicated that the melting point of CsA could be influenced by excipients in the formulation such as stabilizers and criyoprotectant or high pressure which was applied to the particles during microfluidization process. Similar observations were reported in many other nanosuspension formulation studies [34, 38] and this difference is not significant.
X-Ray diffractometry
The crystal properties of CsA was investigated by X-Ray diffractometry (X-RD). The diffractogram of lyophilised CsA nanosuspension indicated that CsA coarse powder was in amorphous form and was not changed in the nanosuspension after formulation preparation steps ( Figure 5 ). 
Fourier transform infrared spectrophotometry
Fourier transform infrared spectrophometry (FTIR) measurements were conducted to assess the possible changes in the nanosuspension formulation after microfluidization. FTIR spectrums of CsA coarse powder, HPMC, Soluplus ® , mannitol, physical mixture, and lyophilised CsA nanosuspension are displayed in Figure 6 . The characteristic absorption peaks of raw CsA at 1093, 1466, 1623, and 2959 cm -1 were related to the special chemical structure. FTIR spectra of HPMC showed characteristic absorption bands at 944, 1051, 2904, and 3451 cm -1 , while spectra of Soluplus ® at 1732, 1630, 1233, and 1195 cm -1 . For mannitol, the main absorption peaks were at 878, 1016, 1077, and 3277 cm -1 . The spectrums of physical mixture and lyophilised CsA nanosuspension presented all peaks of CsA coarse powder and other excipients.
Morphological studies
The morphological analysis was performed by Scanning electron microscopy (SEM) and the images are shown in Figure 7 . SEM image of physical mixture showed that the shapes of the substances were contained in the component clearly. From the SEM images, it was observed that the CsA coarse particles were close to the rod shape. After the CsA nanosuspension was obtained, there appeared to be a round-like change in surface appearance of between 350 and 500 nm particle size. The modified shape may be due to the coating of the CsA particles with a stabilizing layer and the high pressure applied during the nanosuspension production process [12] .
Solubility
The saturation solubility of CsA coarse powder and lyophilised CsA nanosuspension in water at 37 o C was 6.48 ± 0.88 and 13.80 ± 2.14 mg/mL, respectively ( Table 3 ). The solubility of CsA nanosuspension was 2.13 fold greater than that of coarse CsA. These results indicated that nanosuspension could be effective in improving the solubility of CsA. Also, it could be predicted that the improvement in solubility has the potential to increase the dissolution and then enhancing bioavailability of BCS Class II drugs, such as CsA [11, 38] .
CONCLUSION
CsA nanosuspension was succesfully prepared by using high pressure homogenization method with HPMC and Soluplus ® . The type of stabilizers (HPMC, Soluplus ® , and their combination), stabilizer ratios (1:0.5, 1:0.25) and number of cycles (5, 10, 15, and 30) affected particle size and zeta potential values of nanosuspensions. These effects were investigated using Design Expert ® to achieve optimum formulation parameter (combination ratios) and process parameter (number of cycles). Smaller particle size and higher zeta potential was obtained with HPMC:Soluplus ® (1:0.5) after 30 homogenization cycles in F7 formulation and further studies were performed with this formulation. The results of our current study demonstrated that the lyophilised CsA nanosuspension had small particle size with round-like surface morphology. After characterization studies, it was observed that no substantial changes occured in physicochemical properties of CsA after high pressure homogenization. The obtained CsA nanosuspension exhibited a remarkable increase (approximately 2-fold) in solubility according to the coarse CsA powder. HPMC-Soluplus ® stabilized CsA nanosuspension could be a promising strategy to enhance dissolution and oral bioavailability of CsA.
MATERIALS AND METHODS
Materials
CsA was a gift sample from Deva Drug Company (Turkey). Polyvinylcaprolactam-polyvinylacetatepolyethyleneglycolgraftcopolymer (Soluplus ® ), Poloxamer 188 (Lutrol® F68), and Poloxamer 407 (Kolliphor® P407) were gifted from BASF (Germany). Hydroxypropyl methylcellulose (HPMC) was purchased from Colorcon (USA). D(−) Mannitol and Sodium Dodecyl Sulfate (SDS) were purchased from Merck (Darmstadt, Germany). Polyvinylpyrrolidone K30 (PVP K30) and D-α-Tocopherol polyethylene glycol 1000 succinate (Vitamin E TPGS) was purchased from Sigma Aldrich (USA). All other ingredients used were of analytical grade.
Selection of stabilizer types and stabilizer ratios
In the preformulation studies, firstly stabilization agents were tried seperately and then combined with more than one stabilizer for optimum stabilization. In the development of nanosuspension, Polyvinylpyrrolidone (PVP) K-30, Hydroxypropylmethylcellulose (HPMC), and Soluplus ® were used as polymeric stabilizers and Sodium dodecyl sulfate (SDS), Poloxamer 188, Poloxamer 407, and D-α-Tocopherol polyethylene glycol 1000 succinate (Vitamin E TPGS) were used as surfactants stabilizers. In the formulations, the active substance: stabilizer ratio was selected as 1:1, 1:2 and 1:4. Particle size (PS), particle size distribution (PDI), and zeta potential (ZP) measurements were performed at the beginning (at initial), after one week, and after one month after preformulation studies.
The nanosuspensions prepared with HPMC were found to be between 1900 nm and 900 nm particle size after 30 homogenization cycles, which the increased polymer ratio caused the increased particle size values. In all ratios and after all homogenization cycles, PDI values were found to be 0.4 and below, and ZP was found to be around -15 mV, and there was no significant change in PS, PDI, and ZP after one week and one month. In the nanosuspension prepared with PVP, it was found that PVP was not a suitable stabilizer in the microfluidization method for CsA nanosuspension, since a milk-like image was formed even after several homogenizations. While the PS was found to be about 1400 nm and 800 nm in the formulations with Poloxamer 188 and Poloxamer 407 respectively, particle growth was observed over time in one month in these two formulations. In the formulations prepared with SDS, it was found that CsA was dissolved in three ratios and 1:1 ratio was also high for dissolution of CsA. In the formulations prepared with Soluplus ® , while the PS was around 200 nm even after five homogenization and the PDI values were around 0.8 and high. In addition, ZP values of all homogenization cycles in all ratios could not be measured and this result (0 mV) was quite lower than the accepted values (-20 mV). In formulations prepared with Vitamin E TPGS, PS values were between 700-800 nm after 30 passes, while ZP values were around -5 mV and low just like Soluplus ® .
At the end of preliminary studies, it was thought that the particles would become smaller by Soluplus ® and zeta potential values could be increased and better stabilization would be achieved by HPMC. HPMC and Soluplus ® combination were used to provide the optimum ZP, low PS, and low PDI values in the nanosuspension formulation.
Preparation of CsA nanosuspension with high pressure homogenization method
CsA nanosuspension was prepared using high pressure homogenization method. Microfluidics LV1 (Microfluidizer® Processors, USA) with a Z-type 84 μm chamber was used for this method. Firstly, different stabilizers (HPMC and Soluplus ® ) and their different ratios (CsA:stabilizer 1:1, 1:2, and 1:4) were used to stabilize the nanosuspension separately and then their combination (CsA:HPMC:Soluplus ® 1:1:0.5 and 1:1:0.25) was used. The DoE approach was used to determine the CsA:HPMC:Soluplus ® ratio to be used to achieve optimum particle size and stabilization, and the effect of the Soluplus ® ratio was investigated by DoE. For this purpose, two different CsA:HPMC:Soluplus ® (CsA:HPMC:Soluplus ® 1:1:0.5 and 1:1:0.25) ratios and four different homogenization cycles (5-10-15-30 cycles) were selected as independent variables and PS,PDI, and ZP results were selected dependent variables. For DoE analysis, two combined stabilizer ratios and four homogenization cycles experiments were carried out with two replicate. The stabilizers and their ratios used for formulation are given in Table 4 . Table 4 . Composition of CsA Nanosuspension. The shematic presentation of the preparation steps for CsA nanosuspension is shown in Figure 8 . For preparation of formulation, different amounts of stabilizers were dissolved in deionized water at room temperature. 1% (w/w) of CsA was dispersed in this stabilizer solution under the magnetic stirrer at 1000 rpm for 20 minutes. The UltraTurrax (Heidolph, SilentCrusher M) (at 15.000 rpm-10 minutes) was used to reduce particle size of coarse suspension to prevent high pressure homogenizer from chamber blockage. Finally, this coarse suspension was transferred into Microfluidics LV1 and homogenized for different cycles (5-10-15, and 30 cycles) at 30.000 psi process pressure.
Preparation of physical mixture
The physical mixtures were prepared by mixing the CsA coarse powder for about 5 minutes at the same rate as the stabilizers used in the nanosuspension formulations.
Characterization studies of optimized CsA nanosuspension
The PS, PDI, and ZP measurements were performed to select the most appropriate nanosuspension and an optimum formulation was selected for further characterization studies. Optimization was based on PS, PDI, and ZP measurement and a formulation which was considered to be optimized was lyophilized. Scanning Electron Microscopy (SEM), Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR), and X-Ray Diffraction (XRD) studies were performed in this lyophilised nanosuspension formulation. 
Particle size, particle size distribution and zeta potential measurement
The PS, PDI, and ZP of nanosuspensions were measured at 25±2 o C by dynamic light scattering using Malvern ZetaSizer-Nano ZS (Malvern Instruments Limited, UK). Briefly, 750 μL of the nanosuspension samples were dropped into the cuvettes and 750 μL of distilled water were added. Each sample was measured in triplicate and average values were determined.
Short term physical stability
Short term physical stability studies of CsA nanosuspensions stabilized with all stabilizers and all stabilizer ratios were performed at 25±2 o C. The fresh prepared CsA nanosuspensions were kept at closed vial at room temperature. PS, PDI, and ZP values were measured at the time points of zero (at initial), one week, and one month.
Lyophilization of optimum nanosuspension formulation
Drying of nanosuspensions is important for long-term stability and solid dosage forms which are easy to administer to the patient in tablet or capsule for oral administration. After the PS, PDI, and ZP measurements, the lyophilization (freeze drying) process was applied for optimum nanosuspension formulation. For the lyophilization process, about 2 g of the nanosuspension were frozen at -80°C for 2 hours and freeze drying was carried out at -50°C under 0.021 mbar pressure for 48 hours (Christ Alpha 1-2 LD Plus, France). The ratio of mannitol to be used as cryoprotectant in the prepared nanosuspension was selected as CsA: mannitol ratio of 1: 1 w/w.
Redispersibility
The redispersibility of lyophilised nanosuspension was expressed as redispersibility index percentage (RDI%) as given below (Eq. 4) [39] :
Where Zaverage (0) is the mean particle size value of the nanosuspension (before lyophilization) and Zaverage is the mean particle size value of reconstituted nanosuspensions after rehydration of the lyophilised nanosuspension. Lyophilised nanosuspension was dispersed in few milliliters of distilled water and was shaken for 70 s by vortex before being transferred in cuvettes. RDI values close to 100% indicate that the particle sizes are similar to the initial particle sizes after rehydration [20] .
Differential scanning calorimetry
DSC was performed to investigate the effect of stabilizers, prepared physical mixtures and nanocrystal on the internal structure of the system during preparation of the nanosuspensions. DSC is an important Stabilizer analysis to obtain information on possible interactions between active ingradients and excipients, depending on changes in endothermic or exothermic peaks after the process. Thermal properties of CsA, stabilizers, physical mixtures, and lyophilized CsA nanosuspension were examined by DSC (DSC-60, Shimadzu Scientific Instruments, Japan). Firstly, CsA and other excipients were weighed 2 mg and placed into aluminum pans and the pans were closed. Then 2 mg mixtures of CsA and other excipients in a 1: 1 ratio were prepared. Mixtures were also placed into aluminum pans and the pans were sealed. Finally, the lyophilised nanosuspension were weighed 2 mg and the same procedure was repeated. DSC thermograms were obtained by measuring the heating rate of 10 o C/min and the temperatures between 25 o C and 200 o C.
X-ray diffractometry
XRD study was performed on lyophilized CsA nanosuspension and CsA coarse powder to detect possible changes in the internal structure of lyophilized CsA nanosuspension. In the analysis, the effect of the high energy applied on the particles during high pressure homogenization and the changes in the internal structure of the nanoparticles were investigated. In XRD analysis, the scan rate was 1 o per minute and the scan range was 2θ in the range of 3-90° (RigakuUltima IV, Japan).
Fourier transform infrared spectrophotometry
FTIR spectra for nanosuspension formulations, formulation components, and physical mixtures were obtained using Perkin Elmer Spectrum400 FT-IR, FT-NIR (USA). The KBr disc technique was used to make infrared measurements. Measurements were made as 750-4000 cm -1 screening interval and 1 cm -1 discrimination power.
Morphological studies
Scanning electron microscopy (SEM) (Quanta 400F, Holland) was used to evaluate the morphological properties of the lyophilised nanosuspension and to compare them to the morphological characteristics of coarse powders and physical mixtures. All samples were coated with gold-palladium before measurement.
Solubility Study
To evaluate the solubility of coarse CsA powder and the lyophilised CsA nanosuspension, equilibrium solubility was determined. Equilibrium solubility measurements were carried out as follows: firstly excessive amounts of CsA powder and the lyophilised optimum formulation were added to distilled water. Samples were put in vials and shaken for 48 hours at 25 o C. Then the samples were filtered through a 0.22 µm filter and the CsA concentration was determined by validated UV spectrofotometer at 205 nm.
